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SH-HviARY 

The chemical reactions oetween steel of a type used, in aircraft- 
engine C3’'linder harrels and compoiuads containing reactlTe groups 
commonly foimd in luhricant additives were investigated. The products 
formed hy reaction at temperatures from 400° to 650° F were analyzed 
hy reflection electron diffraction. The principal corrosive action 
found was caused hy oxygen carried in the reactant as dissolved air 
or dissolved moisture. Additive reactivities were in agreement with 
predictions haced on Icnowledge of the chemical reactivity of the 
groups and linkargea tested. The reaction p>roduct could he identified 
when complication of the diffraction patterns hy oxides of iron was 
eliminated. Compound foraiation ohserved in this investigation 
supports the theory of boundary- lubricant additive action^ which 
states that additives form compounds of low shear strength at metal 
sui’faces and prevent seizure and high abrasive wear when no fluid 
film is present. 


INTRODUCTION 


A review of the worlc already done in the field of lubrication 
of bearings under hi^i loads indicates that a study of the chemical 
reactions between steel and lubricant additives would be of value 
in future considerations of the use of additive-containing oils in 
high-output aircraft engines. Ueils and Southcombe (reference l) 
first suggested the possibility of decreasing the friction of 
bearings operating under conditions of low speed and high load where 
a thick fluid lubricant film cannot be maintained. For these 
conditions of lubrication - generally termed "boundary conditions" - 
the addition of fatty acids to mineral oils was foiuid to bo an 
effective method of reducing coefficients of friction (reference l). 
Investigations by Sir Uilliam Hardy (reference 2 ), Langmuir 
(reference 3), Beech (reference 4)^ and Dacus, Coleman^ and Soess 
(reference 5) have demonstrated that such Icng-chain polar-compound 
additives aid lubrication bj’’ promoting the maintenance of adsorbed 
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filTus of additive at the hearing surface. The interaction between 
additive and surface is entirely physical until teioperatures and 
pressures at hearing surfaces heccine extreme (references 4^ 6, 7^ 8, 
and 9) . 

For the prevention of wear at bearing surfaces under extreme 
boundary conditions^ Beeck^ Givens^ and Williams (reference 10) 
have fo'ond that long -chain polar compounds aa,ded to oils were 
relatively ineffective. Their work has led to the use of addition 
agents similar to ti^icresyl phosphate, which impart a high polish 
to a metal surface. The chemical experiments descrioed in refer- 
ence 10 showed that long-chain polar compounds together with these 
chemical polishing agents reduced wear by a factor of 2 . The 
Invest iga-tors proposed the theory that chemical polishing agents, 
such as they have worked with, react at the high temperature of a 
bearing uni.er boundary conditions to form, by corrosive action and 
subsequent reduction by carbon, a metallic compound capable of 
alloying with the bearing surface; these compounds lower the surface 
melting point toward the eutectic temperature and thereby enable 
the surface to become polished. When the bearing surface is 
polished, its running temperature is lowered and the corrosive 
action of the polishing agent becomes negligible. Beeck (reference 4) 
states that the action of extreme -pres sure additives in oils differs 
from the action of chemical polishing agents in ^ that the extreme - 
pressure additives produce abrasive nonmetallic surface layers that 
prevent welding of the bearing metals when the lubricant lilm breaks 
doim. A moie general theory of boundary -lubricant additive action 
states that, when no fluid lubricant film can be maintained between 
the rubbing surfaces, additives prevent seizure and high wear of 
bearing surfaces by reacting chemically with the bearing metal to 
form an easily sheared nonmetallic layer on the surface (reference 11) . 

Davey (reference 12) has investigated the reduction of friction 
at extreme press’ire by use of oils containing reactive sulfur or 
chlorinated coxapounds and has concluded that a chemical reaction is the 
source of their properties. This conclusion is well supported in the 
case of chlorine compounds by tests of load-carrying capacity (refer- 
ence 13) . The ability of a lubricant to carry higher loads was 
found to be associated with the chemical reactivity of the chlorine 
in the compound used as the additive. The reactivity was changed 
by changing the nature of the groups attached to the carbon bearing 
the chlorine. The load-carrying capacities of the lubricants could 
be predicted from theoretical knowledge of the chemical behavior of 
the chlorine compound thus formed. In a study of cutting fluids 
and the chemical and physical basis for their action, Shaw (refer- 
ence 14) has presented v^vidence of chemical reaction between cutting 
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fluids siiailai’ tc boundary-liibricaiit additlree and aluminum. The 
surface compounds , which would be produced by chemical reactions 
between metals and the additive-type reagents that these workers 
tested^ are nonmetallic and of lower shear strength than the metal 
itse?.f . 

The effect of the suirrounding atmosphere on lubrication 
phenomena seems to bo of great importance, although no investigation 
has been conducted to determine the basic reactions between lubricant, 
bearing surfaces, and atmosphere. Simard, Russell, and IJelson (refer- 
ence 15) have investigated the reactions between bearing surfaces 
and oils oi- additives containing lead and sulfur. Cils containing 
active sulfur reacted xritli steel giving y-FeCOE (rust), hydrated 
Iron oxide, and Fe.,0 . . Oils comnounded ■vrith lead nanhthenate alone 

gave PbSO^ and unidentified patterns (one of which might be a 
form of FeS) . Load naphthenato and sulfur together reacted to give 
PbSO^ and PbS; the ?bS0^ formed first, apparently because of 
oxygen dissolved in the oil. The base oils gave and an 

unidentified pattern. (This pattern also miglit be a f oimi of FeS) . 
Simard, Russell, and Kelson (reference 15) conclude that the effect 
of the oils appears to be limited to their a.ction as oxygen carriers 
or to possible interaction with the addition agents. Kinetic-friction 
tests by Gi?.son (reference 16) showed that the coefficient of friction 
of a lubricated bearing decreased in going from an evacuated space 
about the bearing to an atmosphere of air and decreased fiouther when 
the atmosphere was changed to oxygen. The coefficient of friction 
in hydrogen was higher than in air. Addition of moisture to the 
hydrogen decreased tj.e coefficient of friction. Eowden, Lebon, and 
Tabor (reference 17) found tliat the motion of a steel slider on a 
steel plate changed from, "stick-slip" to smooth sliding after the 
system was heated in an oxidizing atmosphere. Tho oil was probably 
changed by oxidation but no study of corrosive action was mado. In 
the case of lubrication by graphite, the dovelopmont of generator 
brushes to opex'atc at high altitudes resulted in the discovery that 
the entire lubi’icating action of graphite ari.ses from moisture 
adsorbed on the graphite particles (reference 18) . Without an 
adsorbed film of water, graphitic carbon acts as an abrasive. These 
results indicate certainly that air ana moisture are important aids 
to lubrication, but practical experience with highly loaded bearing 
surfaces definitely iias shown a need for additives to supplement the 
oxygen normally carried in an oil. 

The previous investigations discussed liave shown that boundary 
lubrication under eirtreme conditions involves chemical reaction among 
bearing surfaces, suri’ounding atmosphere, and lubricant. For a more 
complete understanding of the reactions between bearings eind lubricants 
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identification of the products foriiied and reaction-rate studies 
are necessary. Specfjiens obtained froK a bearing test machine 
reproducing actual operating conditions are generally unsuitable 
for such studies because of lad: of control of many variables during 
the tests. Nomuiifcrm conditions of temperature, preasiuce, and 
surface structure exist during operation of a bearing. Several 
reactions are competing to form surface films. The nature of the 
lubricant and the surrounding atmosphere is variable. A machine 
allowing operation of bearing surfaces under controlled conditions 
of temperature, pressure, lubricant, surface material and finish, 
and suri-oundir^ atmosphere would give imp'ortant information on 
friction and wear and would provide infoivnaticn of fundasiental 
value. Chemical analyses of oil used in a machine of this hind 
for dissolved metals, oxidation products, or other changes are 
needed. Surface examination of the used bearings for phj’’sical 
changes and products of chemical reactions is also required. 

The scope of the present investigation of additive action has 
been limited by eliiainating as far as possible the variables of a 
bearing test in order to produce a single chemical reaction on a 
uniform surface at a Imown teraperature . This elimination of 
variables was accom:plished bjr carrying out the reaction between 
surface and test conpoiuid in a glass tube sealed under vacuum. 
Electron diffraction, which provides one of the hast methods of 
studying surface chemical films, was used for the identification of 
the products foraied during these tests. The reactants chosen for 
the experiments were steel of a type used In aircraft cylinder 
barrels and com^pounds containing reactive groups and linl-cages 
commonly found in e;:treme boundary-lubricant additives. The investi- 
gation was conducted at the ilACA Cleveland laboratory during 1944 


and 1845. 


liATERlfiS, APPARATUS, AED PROCEDURE 


The additive-type compounds tested were: 


Aliphatic lirdcage Reactive group Aromatic linhage 


Stearic acid 
Tetrachlorethane 
Dodecyl sulfide 
n-Butylamine 


Carboxyl 

Chloride 

Sulfide 

Amino 


Benzoic acid 
Clilor ob snz ene 
Phenyl sulfide 


Aniline 


The test sux-faces were of SAE 4140 steel metallographically polished 
with aluminum oxide on broadcloth. The compounds were tested at 
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temperatures from 400^ to 650° F, which are in the range attained 
hy air craft -engine cylinders during operation, although prohahly 
lower than the temperature at the sliding surfaces. The specimens 
were examined before and after experiments by reflection electron 
diffraction. 

A series of exploratory tests in this investigation revealed 
that a vacum of less than 1 micron of mercury was req;uired to 
remove oxygen from the reagents and evacuating system to such an 
extent that iron-oxide patterns were no longer prominent. The 
procedure used to attain this vacuum condition was evacuation of a 
tube containing steel and reagent by an oil diffusion pump sealed 
to the tube. Wiien the pressure measured by a thermocouple gage was 
below 1 micron, or in the case of volatile compounds, when about 
one-half of the reagent had heen pumped from the s;rstem, the glass 
tube containing reagent and specimen was sealed under vacuui'a. These 
sealed tubes were heated in bombs at the reaction temperature for 3 
to 4 hours. After cooling, the tubes were opened and the steel 
specimen was washed in benzene and transferred with as little delay 
as possible to the diffraction camera. 

The electi'on-diffraction camera used was the standai-d adaptor 
for the type !3viB-4 RCA electron microscope. The patterns obtained 
were identified by comparison with the A-S.T.M. card file of X-ray 
diffraction patterns. The over-all precision of the method used 
for pattern measurement was 3 percent or better. With the use of 
estimated intensities, this precision permits almost positive 
identification of the surface films found. 


RESULTS ARE DISCUSSION 


Because the compounds chosen for study contain the chemical 
groups t;-plcal of those used in lubricant additives in the extreme 
boundary- lubrication region, the following discussion is therefore 
limited to consideration of the lubrication process only under 
extreme boundary conditions. The results are sui-imarized in table I 
and diffraction patterns tj'pical of those from which the data of 
this table were obtained are shcwm in figure 1. 

Figure 1(a) shows a diffraction pattern from a surface before 
test. The noteworthy features of this pattern are faint lines of 
the a-Fe pattern, broad lines at the positions usually associated 
with polished surfaces, and a gi*eat deal of background haze caused 
by specular reflection of electrons. These features indicate an 
undulatoi’y roughness and seme scratches and pits remaining on the 
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polished speciEens; these conclusions were confirmed by micrcscopic 
examination of the polished surfaces. 

The resu?-ts of these experiments are in excellent agreement 
with the ioiown facts about t,he groups and linl'ages tested. Benzoic 
acid is a stronger acid than stearic acid. After being heated for 
3 to 4 hours at a temperature of 400“^ F in a sealed tube with stearic 
acid, a polished steel specimen had etched to a matte graj’'. The 
electron-diffraction pattern from the specimen proved to be a mixture 
of the patterns of a-Fe and o^-FegO^- Benzoic acid at 400° F etched 
the surface more deeply and gave only the pattern of a-Fe, The 
corrosive action of benzoic acid 1/33 intensified at 500° F. The 
occurrence of o-Fe^^Og in the reaction with stearic acid could be 
due to dissolved air in the acid inasmuch as the reaction tube 
containing the specimen and acid was evacuated at room temperature, 
li-on stearate or benzoate, which might have fcrrned on the steel 
surfaces, would have been removed along with the unreacted acids 
when the specimens were washed with benzene. 

The chlorine-containing compounds, totrachlorethane and chloro- 
bonzone, were used at temperatures of 4C0°, 500^, ard 650° F. The 
compounds found on the steel specimens were FeOCl and l’eCl 3 in 

the case of totrachlorethane, and in the case of chloro- 

benzene, The Fe.-P^ ’./as talce-n as an indication of residual moisture 

in the chlorobonzono used. FoOCl results from hydrolysis of 
FSCI 3 durir.g transfer of the specimen from the reaction tube to the 
diffraction camera. Vhen tho specimens were briefly exposed to air, 
F 0 CI 3 lines disappearod from the pattern obtained and p-FeOOH 
linos appoarod as the lij’drolysis progrossod. Tho failure of chloro- 
benzene to fom a chloride with iron is to bo expected as typical 
of the low reactivity of halogen in an aromatic linkage, whereas 
the formation of FoCl^ b;/ tetrachlcrethane shows tr.e high reactivity 

of the aliphatic chloride linicages. 


Dodecyl and phenyl sulfides were used for the tests of the 
sulfide group. After heating at 500° F, dodecyl sulfide gave a 
specimen coated T/ith a black material that gave the diffraction 
pattern of FeS. Phenyl su?-fide, on the other hand, reacted at 550° F 
to form, principally Fe. 32 , although lines tentati%-ely identified as 
arising from a foiti of FeS also appeared in the diffraction pattern. 
Theory wou].d predict a lesser reactivity foi* phenyl sulfide than 
dodecyl sulfide because of the greater bond strength between carbon 
and sulfur in an aromatic linJcage than in an aliphatic bond. 
Formation of I’eSn would require a more ?oeactive sulfur than. 
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fonnation of* FoS, A xjossible explanation ie that the phenyl 
sulfide used contained poiysulfides as impurities. The only other 
means hy w.ich phenyl sulfide could react with steel would he 
through foimation of Mphenyl. 

The amino-group compounds tested were n-hutylaiaine and aniline. 
At temperatiiros of 400"^^ 500°^ and 650*^ n-hutylamine gave an 
unidentifiable compound and oii the specimen surface. Aniline 

was run only at 450° F, at which temperatune a mixture of 7 -Fe 20 ^ 
and o-Fe 203 formed on the surface. The presence of oxides on steel 
after heating in amines is socy&vhat unexpected as amino compounds are 
added to oils as antioxidants. No reaction between ariiines and steel 
was expected, but the I’edT’cing action of the amines would have been 
expected to prevent the oxidation of the steel specimens. Theoreti- 
cally, n-butylamlne would be a better reducing agent than aniline 
because of the stabilization of the amino group of aniline bj’’ its 
bond to an aromatic nucleus. 


The formation of 7 -F 02 O 3 is characteristic of the low-pressure 
and low-temperaturc oxidation of steel by air (reference 19); a-FegO^ 
is formed from 7 -Fe., 0 ^ by ti’ansf oimiation at approximately 650° F 
under normal conditions. The presence of 7 -Fe 20 ^ aftex* heating in 
aniline suggests that the aniline used contained dissolved air. The 
formation of by hoatlng steel in n-butylamine might be due to 

residual moisture in the amino inasiauch as prolonged drying of n-butyl- 
amino over potassiurj lijnroxide decreased the intensity of the 
pattern. ^ 

Because y-FcgO^ and Fo^O^ are isomorphous, the diffraction 
patterns wei’e differentiated on the basis of the sharxjness of the 
diffraction rings in accordance with the statement of reference 15 
ti'iat diffuse diffraction patterns are typical of 7 -^ 6203 . Comparison 
of diffraction patterns obtained from surfaces heated in aniline and 
n-butylamine (figs. 1 (d) and 1 (e)) exeiaplifiss this difference in 
sharpness. Exposure to air during transfer from reaction tube to 
camera nay contribute to the oxide patterns found. 

The action of oxygen as an aid to lubrication has been investi- 
gated and discussed in references 15 and 17. The fact that the 
presence of oxygen lod to the fonaation of iron oxides in preference 
to the reaction botiroen the additj.ve-txvgoe compound and steel, as shown 
by the obscuring of the reaction-product diffraction pattox'n, indicates 
that under ordinary conditions oxj'gen carried in a lubricant can bo 
an important aid to lubrication. The diffi-action patterns obtained 
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in reference 15 supi^orted the conclusion that in extrene hoimdary 
lubrication the effect of oils \ms ].lmlted to theii- action as oxygen 
cai’riers or to pr.ssihle interaction with the addition agents. This 
conclusion neglects the consideration that neither the experiments 
of reference 15 nor the experiments reported herein extended to 
reaction conditions where the rate of reaction between additive and 
steel is much greater than the o-ate of oxidation of steel. The 
additives probably become important when oxygen is no longer 
available at the lubricated si^.rface, as is shown by the present 
results, although boaring-test samples suitable for diffraction 
examination camot be obtained frora tests under conditions where the 
action of oxygen has been eliminated. Eemoval of oxygen by reducing 
agents, such a.s aE’.ines added to oils, may be somewhat narmful inas- 
much as oxygen actually serves as an aid to rubrication. Ordinarily 
this effect is neutralized by using a second reactive additive to 
counterbalance the loss of oxygen. The most important property of 
an additive is undoubtedly the nature and ease of foimation of the 
product of reaction between surface and additive. Unfortunately no 
direct correlation of the results of this investigation with friction 
and wear measurements is available. 

If the reactivity between additive and steel is assumed to be 
the reason for friction and wear reduction by oil additives, heat- 
resistant and corrosion-resistant steels, such as the SAE 4140 steel 
used in these experiments, require more active lubricant additives 
than cast-iron or low-alloy steels to insure the same degree of 
lubrication. Turther investigation is needed to establish this 
theory, but the assumption on the basis of the results of this investi' 
gation and the work discussed earlier in this paper seejos reasonable. 

Inasmucli as any compounds of iron except certain intermetallic 
compounds are of lower shear strength than metallic iron, the observed 
formation of nonraetallic surface films by reaction of additive-tsTpe 
compounds with steel is in agreement with the theory tlrat additives 
aid" lubrication by the formiation of easily sheared contaminating 
layers on bare metal surfaces. Such, layers enable bearing surfaces 
to slide over one another without seizure in the momentary absence 
of an oil film. 

Correlation of the results of this investigation with the 
process occurring in a bearing is limited because only a few of tne 
operating variables were reproduced. The additive-type compounds 
used were of technical purity, because compounds of this purity 
were available and actual additives used in compounding lubricants 
would also bo of tec^-jiical grade. Impurities such as disaol-ved air 
and moisture, which my bo present in teclinical-grade reagents, tend 
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to mask the reactivity of the type coi^pound in which they occur. In 
a dynamic syaoora cuch as a Journal rotating in a hearing at high 
temperature and lead, reaction products from the impurities would 
he removed from the surface until the amount of reaction product 
formed became negligible, unless the impurity woi-e renewed from an 
external source. The reactivity of metal surfaces when freshly 
formed, as in the case of abrasion due to running, is known to be 
greater than that of surfaces exposed to air and "aaterials commonly 
present in air, such as water and oil vapors. Surfaces prepared, 
as in this investigation, by mechanical polishing are known to be of 
less activity than rougher machined sui'faces. 


The experiments of this investigation liave been limited to 
chemical reactions between a few typ'es of organic compound and steel. 
No precise correlation with reduction in friction, rate of wear, and 
load-carrying capacity has been attempted at this preliminary stage. 
By analogy, hoiraver, some inferences as to the relation bet'/oen 
chemical roactlcn and other lubricant properties are justified and 
accordingly have been discussed. 


COirCLUBIITG r,HvyjiIC3 

The chemical reactions between lubricant-additive-type compounds 
and steel were investigated by electron-diffraction exaEiination of 
specimens heated in sealed tuhos with the corrosive reagents. The 
following ccnclusions nay be drai-m from these experiments: 

1. Compounds of the type used in lubricant additives reacted 
with steel surfaces at temperatures from 400 ^ to 650*^ F to give 
identifiable products. 

2. Additive reactivities with steel were in genera], agreement 
with predictions based on laiowlodgo of the chemical reactivity of 
the groups and linlcages tested. 

3. Under tho conditions used in these experiments, oxygon and 
water dissolved in the I’eagonts tended to corrode steel more readily 
than the reactive group, TVhen present, the oxide patterns obscured 
the diffraction patterns formed by other corrosion products. 


10 


MCA TM Wo. 1207 


4o Tlie otssrved compound formation supports the theory of 
houndary-lubi’icant additive action^ which states that additives 
form compounds of low shear strength at bearing surfaces and prevent 
seizure and wear when no fluid film is present. 


Aircraft Engine Eesearch Laboratory^ 
National Alvisor5’' Committee for 
Cleveland, Ohio, September 


Aeronautics, 
20, 1946. 
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TABLS I - PBODUCTS OP COKSOSIVE ACTION OP LUBPICAKr-ADDITr\ni]-TIPS 


COiyEPOUNDS ON SAP 4140 STEEI, 


Compound 

Tonperatiire 

(^p) 

1 Products 

J , .. 1 T 1 j 

! Probable process 
i of foronation 

t 

Alii''liatic Linlcage 

3tearic acid 

400 

a-Fe 

Etching 



a-PeoOr 

DiGGolved air 

N-Butylejnine 

400, 500, 650 

•^°3°4 

Dissolved vater 



Unidentified product 


Tetracliloretlianc 

400, 500, 650 

PeCl3 

Direct reaction 



FeOCl 

Hydroljsis of FeCl^ 

Dodecyl sulfide 

500 1 

PeS 

Direct reaction 


Aromatj 

lC Birdcage 


Benzoic acid 

400, 500 

a-Pe 

Etching 

Aniline 

450 

r-PegO-, a-Fe203 

Dissolved air 

Chlorolenzene 

400, 500, 650 

Pe3C4 

Dissolved water j 

Plienyl su].fide 

550 

FoSq, FeS 

Direct reaction j 



! 

with impurities j 


NATIONAL ADVI30PY GOM-IITTSP 
POP APR0NAUTIC3 
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I a, b, c 


Fig. 



(a) Polished specimen 

before test. a~Fe ; 
polish rings. 



(b) Reactant, stearic 
acid; temperature, 
400^ F; compound 
f ormed , a~Fe 20 ^ . 


NACA 
C- 15100 
5-11*46 



(c ) Reactant, benzoic 
acid; temperature, 
400^ F; compound 
f o rmed , a~Fe . 


Figure |. ~ E I e c t r on -d i f f ra c t i o n patterns from $AE 4140 steel 
surfaces before and after heating with I u b r i c a n t --a d d i t i v e« 
type compounds. 



1 
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I 
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Fig. Id, e, f, g, h, i 



Reactant , n-buty I a 
mine; temperature. 


400' 
f o r med 


compound 


temperature, 45 0' 
compound formed 


F; 



ethane; t e mp e ra.t u r e , 
650^ F; compound 
formed , FeC I 3 ; FeOC I 


Reactant, ch I oroben- 
zene; temperature, 

F; compound 


650° 
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Figure |. - Concluded. Electron-diffraction patterns from 

SAE 4140 steel surfaces before and after heating with lu- 
tive-type compounds. ' 
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